University of Tennessee, Knoxville

TRACE: Tennessee Research and Creative
Exchange
Doctoral Dissertations

Graduate School

5-2022

Pinless Friction Stir Spot Welding of Ti-6Al-4V Alloy for Aerospace
Application
Hyojin Park
University of Tennessee, Knoxville, hpark44@vols.utk.edu

Follow this and additional works at: https://trace.tennessee.edu/utk_graddiss
Part of the Engineering Science and Materials Commons

Recommended Citation
Park, Hyojin, "Pinless Friction Stir Spot Welding of Ti-6Al-4V Alloy for Aerospace Application. " PhD diss.,
University of Tennessee, 2022.
https://trace.tennessee.edu/utk_graddiss/7070

This Dissertation is brought to you for free and open access by the Graduate School at TRACE: Tennessee
Research and Creative Exchange. It has been accepted for inclusion in Doctoral Dissertations by an authorized
administrator of TRACE: Tennessee Research and Creative Exchange. For more information, please contact
trace@utk.edu.

To the Graduate Council:
I am submitting herewith a dissertation written by Hyojin Park entitled "Pinless Friction Stir Spot
Welding of Ti-6Al-4V Alloy for Aerospace Application." I have examined the final electronic copy
of this dissertation for form and content and recommend that it be accepted in partial
fulfillment of the requirements for the degree of Doctor of Philosophy, with a major in Materials
Science and Engineering.
Hahn Choo, Major Professor
We have read this dissertation and recommend its acceptance:
Yanfei Gao, Zhili Feng, Claudia J. Rawn
Accepted for the Council:
Dixie L. Thompson
Vice Provost and Dean of the Graduate School
(Original signatures are on file with official student records.)

Pinless Friction Stir Spot Welding of Ti-6Al-4V Alloy
for Aerospace Applications

A Dissertation Presented for the
Doctor of Philosophy
Degree
The University of Tennessee, Knoxville

Hyojin Park
May 2022

Copyright © 2022 by Hyojin Park.
All rights reserved.

ii

ACKNOWLEDGEMENTS
First of all, I would like to give my greatest appreciation to my advisor, Professor Hahn
Choo for his continuous academical support of my Ph.D. study and related research, as
well as for his guidance on my professional career development. It is a great honor to have
him as my advisor, who is knowledgeable and professional, and always providing thoughtprovoking discussions and suggestions on my works. I would also like to thank my thesis
committee members, Professors Yanfei Gao, Claudia J. Rawn, and Zhili Feng, for their
kind agreement to be on my Doctoral Committee, and their insightful comments and
guidance for my dissertation work.
Special thanks are directed to Dr. Zhili Feng and Dr. Young Chae Lim at Oak Ridge
National Laboratory (ORNL) for their support and help on friction stir spot processing,
which is the key part of my thesis work; and to Dr. Yang Ren at Argonne National
Laboratory (ANL) for his help and guidance on the synchrotron x-ray diffraction (S-XRD)
measurements. I am very grateful to my colleagues: Dr. Chanho Lee, Dr. Peijun Hou, Dr.
Yuan Li, Mr. Rakesh Kamath for their strong support and patience and for the happiness
we shared together.
This study was in part supported by Lightweight Innovations For Tomorrow (LIFT)
operated by the American Lightweight Materials Manufacturing Innovation Institute
(ALMMII), and also by the State of Tennessee and Tennessee Higher Education
Commission (THEC) through their support of the Center for Materials Processing (CMP)
at the University of Tennessee.

iii

ABSTRACT
Friction Stir Spot Welding (FSSW) is a newly developed solid-state joining technique with
considerable merits over conventional spot-welding techniques, such as relatively simple
procedure and excellent welding properties. It has been successfully implemented for the
joining of light-weight structural materials, such as Al- and Mg-based alloys, with superior
weldability and reduction of the manufacturing costs and energy consumption. In addition,
by removing the pin from the friction stir spot welding tool, the pinless FSSW (p-FSSW)
has minimized the formation of welding defects such as keyhole and hooking, which
resulted in further improvements in the mechanical properties of weldments. However, the
application of p-FSSW to high-temperature structural alloys has not been as successfully
demonstrated to date. In particular, difficulties related to the selection of welding tool
materials that can be used for the high-strength and refractory Ti-based alloys have been a
major challenge. Also, achieving strong metallurgical bonding has been challenging due to
the relatively low thermal conductivity and refractory nature of the titanium alloys.
In Ti-6Al-4V alloy, the basic understanding of the relationships among the welding
variables, processing temperature distribution during a spot welding, its influence on
metallurgical bonding quality, and the resulting joint integrity and strength are particularly
important issue. Moreover, establishing the correlation between the effect of p-FSSW on
the microstructure development in the weld and its influence on mechanical performance
is critical. Due to the microstructural evolution complicated by phase transformations
between BCC (𝛽) and HCP (𝛼) occurring during/after the processing of Ti-6Al-4V alloy,
the microstructure of the base material is known to significantly altered, creating various
iv

characteristic processing zones including the stir zone (SZ), thermo-mechanically affected
zone (TMAZ), and heat-affected zone (HAZ). Therefore, a fundamental study correlating
the thermo-mechanical processes to the ensuing phase transformation and microstructure
development is of primary importance.
To this end, in this work, a basic processing – microstructure – performance relationship
study has been conducted on a novel p-FSSW processing of Ti-6Al-4V alloy. The main
goal is to help facilitate further development of p-FSSW technique and its broader
applications in aerospace structural components. The key research outcomes include:
(1) The welding parameters of the tool rotation and plunge speed were
optimized. The measured plate interface bond length showed a good
agreement with a theoretical calculation. Also, the mechanical properties
of the lap-jointed Ti-6Al-4V plates were characterized and the results
showed an excellent bond strength and a failure mode of base-material
tearing.
(2) The characterization of weld nugget was performed for the development of
texture and microstructural as a function of the thermo-mechanical input
distribution during the processing.
(3) The bond mechanism of p-FSSWed Ti-6Al-4V alloy was identified as the
diffusional bond with limited plastic deformation. The bonding sequence
could be as follows: (i) contacting of the asperity, (ii) interfacial boundary
bonding by plastic deformation, and (iii) grain boundary migration and
void shrinkage.
v
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Chapter 1
Introduction and General Information
1.1 Background and Motivation
In today’s transportation industry, an improvement in the productivity and performance of
the vehicle and aircraft is a critical challenge. Among various considerations, such as
improving aerodynamics, powertrains, etc., it is making the body structure lighter by using
light-weight materials that is one of the best solutions for significantly improving the fuel
efficiency of transportation applications [1, 2]. Recently, the transportation industry has
been considering using materials which is not only light-weight but also having a high
strength to weight ratio such as Al alloys, Mg alloys, advanced high-strength steels as well
as composites [3-5]. With a component design with light-weight alloys becoming an
essential strategy, the newly developed aircrafts have continuously increased the total
contents of titanium alloy components [6].
To assemble various components and structures, continuous improvements in welding and
joining techniques are critical for automotive and aerospace manufacturers. For example,
the vehicle body structure strongly relies on fusion welding techniques such as arc welding,
laser welding, resistance spot welding (RSW), and self-piercing rivets (SPR). However,
there are several challenges to be addressed for the application of light-weight materials in
manufacturing the structural components. For example, weld quality, issues of porosity,
voids, and other defects in the weld zone degrade mechanical properties of joints
significantly [7-9]. To minimize such defects, friction welding methods were proposed and

1

successfully mitigated many problems associated with conventional fusion welding
techniques, providing metallurgical, environmental, and energy-saving benefits.
Friction stir spot welding (FSSW) is one of the newly developed solid-state joining
techniques, which originated from friction stir welding (FSW) invented in 1991 by TWI
[10]. Moreover, this solid-state technique have considerable merits over friction stir
welding, such as relatively simple procedure and excellent welding properties [11, 12]. It
has been successfully implemented for the joining of light-weight structural materials, such
as Al alloys and Mg alloys, owing to their superior weldability, reduction of the
manufacturing costs and energy consumption. In addition, by removing the pin from the
friction stir welding tool, the pinless FSSW (p-FSSW) has minimized the formation of
welding defects such as keyhole and hooking, which resulted in further improvements in
the mechanical properties of weldments [13, 14].
To date, while the p-FSSW of Al- and Mg-based alloys has been investigated extensively,
the application of p-FSSW to Ti-based alloys has not been as successful, hindering a further
expansion of the application of p-FSSW to aerospace components. This is mainly due to
difficulties related to the selection of tool materials adequate for the high strength and
refractory nature of the titanium alloys. In particular, for the case of Ti-6Al-4V alloy, the
control and understanding of the implications of processing temperature distribution to the
weld quality are particularly important due to the microstructural evolution complicated by
phase transformations between BCC ( 𝛽 ) and HCP ( 𝛼 ) occurring during/after the
processing. Due to the significant thermo-mechanical energy generated at the interface
between the processing tool and the workpiece, p-FSSW process has been shown to alter
2

the microstructure of the base material significantly creating various processing zones
including the stir zone (SZ), thermo-mechanically affected zone (TMAZ), and heataffected zone (HAZ). Currently, basic understanding of the relationships between the
processing variables and the key microstructural developments are not clearly established
for the case of p-FSSW of titanium alloys. An experimental investigation correlating the
thermo-mechanical process to the ensuing phase transformation and microstructure
development is of primary importance. Advances in the basic understanding of the processstructure-properties relationships in the p-FSSW of Ti-6Al-4V alloys would facilitate
further development of the p-FSSW technique and its broader applications in aerospace
structural components.

1.2 Critical issues, Objectives, Tasks, and Expected Outcomes
In order to investigate the weldability of p-FSSWed Ti-6Al-4V alloy, it is critical to
understand the relationship among the welding parameters, input energy, bonding
properties, microstructural evolution during/after the pinless friction stir spot welding (pFSSW), and the joint strength.
Key objectives of this study are:
1) To identify the optimal processing conditions for the p-FSSW technique to be
used for the Ti-6Al-4V alloy.
2) To investigate the joint strength and failure modes in the weld nugget of lapjointed Ti-6Al-4V plates.
3) To investigate the effect of the thermo-mechanical distribution on the
3

microstructure development.
4) To investigate the constitutive tensile properties of various weld zones in
correlation with the microstructure.
Key tasks are:
1) Welding with different parameters to investigate the weldability of Ti-6Al-4V
via p-FSSW process
2) Mechanical test of lap-jointed Ti-6Al-4V as well as weld nugget using lap-shear
tensile test and hardness mapping/line profile according to the energy input.
3) Microstructural characterization within the weld nugget using SEM, EBSD, and
synchrotron x-ray diffraction.
Key expected outcomes from this study include:
1) Establishing optimal p-FSSW conditions for Ti-6Al-4V.
2) Understanding the failure mechanism of lap-jointed Ti-6Al-4V.
3) Establishing the relationship between the location of 𝑇𝛽 and bond length.
4) Understanding the effect of p-FSSW condition on the grain morphology, grain
size, texture, and grain misorientation.
5) Understanding the bonding mechanism of p-FSSWed Ti-6Al-4V alloy.

4

Chapter 2
Literature Review
2.1 Titanium Alloys
2.1.1 Classification of Titanium alloys
Titanium alloys are classified formally into 3 different categories (𝛼 alloys , 𝛼 + 𝛽 alloys,
and 𝛽 alloys) corresponding the location in a Schematic pseudo-binary phase diagram
through a 𝛽 phase shown in figure 2.1. A series of commercial alloys corresponding to
each of three different groups is shows in table 2.1 [15].

𝜶 alloys
The various grades of CP titanium and 𝛼 alloys, which contain only 2 - 5 vol.% of 𝛽 phase
upon annealing below the 𝛽-transus as well as those stabilized by a small amount of iron,
are included in the group of 𝛼 alloys in table 2.1. The 𝛽 phase is useful in controlling the
recrystallized 𝛼 grain size and improves the hydrogen tolerance of these alloys. The CP
titanium has four different grades which are classified by their oxygen content from 0.18
wt.% to 0.40 wt.%, which provideimprovements in the yield strength. The applications for
𝛼 alloys are found within the chemical and process engineering industries because of their
excellent corrosion behavior and deformability. In generally, 𝛼 alloys facilitate several
applications such as heat pipe, electrodes, cryo-tank, medical implants, and pressure
vessels [15].

5

Figure 2.1 Schematic pseudo-binary phase diagram of titanium according to the contents of 𝛽 stabilizer.
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Table 2.1 Important commercial titanium alloys [15].

Common Name

Alloy Composition (wt.%)

𝑇𝛽 (℃)

𝛼 alloys and CP titanium
Grade 1

CP-Ti (0.2 Fe, 0.18 O)

890

Grade 2

CP-Ti (0.3 Fe, 0.25 O)

915

Grade 3

CP-Ti (0.3 Fe, 0.35 O)

920

Grade 4

CP-Ti (0.5 Fe, 0.40 O)

950

Grade 7

Ti-0.2Pd

915

Grade 12

Ti-0.3Mo-0.8Ni

880

Ti-5-2.5

Ti-5Al-2.5Sn

1040

Ti-3-2.5

Ti-3Al-2.5V

935

Ti-811

Ti-8Al-1V-1Mo

1040

IMI 685

Ti-6Al-5Zr-0.5Mo-0.25Si

1020

IMI 834

Ti-5.8Al-4Sn-3.5Zr-0.5Mo-0.7Nb-0.35Si-0.06C

1045

Ti-6242

Ti-6Al-2Sn-4Zr-2Mo-0.1Si

995

Ti-6-4

Ti-6Al-4V (0.20O)

995

Ti6-4 ELI

Ti-6Al-4V (0.13O)

975

Ti-662

Ti-6Al-6V-2Sn

945

IMI550

Ti-4Al-2Sn-4Mo-0.5Si

975

Ti-6Al-2Sn-4Zr-6Mo

940

Ti-5Al-2Sn-2Zr-4Mo-4Cr

890

Ti-4.5Al-3V-2Mo-2Fe

900

Beta-CEZ

Ti-5Al-2Sn-2Cr-4Mo-4Zr-1Fe

890

Ti-10-2-3

Ti-10V-2Fe-3Al

800

Beta 21S

Ti-15Mo-2.7Nb-3Al-0.2Si

810

Ti-LCB

Ti-4.5Fe-6.8Mo-1.5Al

810

Ti-15-3

Ti-15V-3Cr-3Al-3Sn

760

Beta C

Ti-3Al-8V-6Cr-4Mo-4Zr

730

Ti-13V-11Cr-3Al

700

𝛼+ 𝛽 Alloys

𝛽 Alloys
Ti-6246
Ti-17
SP-700

B120VCA
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𝜶 + 𝜷 alloys
The 𝛼 + 𝛽 alloys are in a range of the phase diagram from 𝛼/𝛼 + 𝛽 phase boundary up to
the intersection of the 𝑀𝑠 line at room temperature. α + β alloys are the most widely used
titanium alloys due to their excellent mechanical properties. The volume fraction of 𝛽
phase is in range from 5 to 40 vol.% depending on the concentration of 𝛽 stabilizing
elements such as Mo, V, Fe, and Cr, which allow the 𝛽 phase to be formed at room
temperature. In addition, 𝛼 + 𝛽 alloys can be classified by their microstructure due to
thermo-mechanical processes: lamellar, bi-modal (duplex), and equiaxed structure. Each
microstructure shows various mechanical properties such as ductility, strength, crack
nucleation, and crack propagation. A more detailed description of the microstructure and
corresponding mechanical properties is discussed in section 2.1.2.
𝜷 alloys
The distinctive feature of 𝛽 alloys is that they do not transform martensitically upon
cooling from the 𝛽 field to room temperature, which means that 100% 𝛽 phase is retained.
This infers that there is enough 𝛽 stabilizer to prevent passing through the martensite start
(𝑀𝑠 ) upon fast cooling, thus impeding the formation of martensite. Alloys between this
critical minimum content and the intersection of the stable 𝛽 phase point are still within
the two-phase region, which means that 𝛽 alloys are categorized as either being metastable
or stable. The stability of 𝛽 phase can be described by the moly equivalent, combining the
effects of various 𝛽-stabilizing elements such as Mo, V, Fe, and Cr [16].
Mo Eq. = 1.0 (𝑤𝑡. % Mo) + 0.67 (𝑤𝑡. % V) + 0.44 (𝑤𝑡. % W) + 0.28 (𝑤𝑡. % Nb)
+0.22 (𝑤𝑡. % Ta) + 2.9 (𝑤𝑡. % Fe) + 1.6 (𝑤𝑡. % Cr) − 1.0 (𝑤𝑡. % Al)
8

2.1.2 Microstructure and texture of 𝜶 + 𝜷 titanium alloys
Titanium alloys fall into three main classifications: α, α+β, and β alloys. As shown in
Figure 2.2, the microstructure of 𝛼 + 𝛽 alloys are classified by the size and arrangement of
𝛼 and 𝛽 phases: (i) lamellar structure, (ii) bi-modal (duplex) structure containing equiaxed
primary 𝛼 (𝛼𝑝 ) in lamellar 𝛼 + 𝛽 matrix, and (iii) equiaxed microstructure. Those
microstructures are determined by a typical processing route, which has several variables
such as temperature, cooling rate, and deformation extent/mode as shown in Figure 2.3.
Generally, the lamellar structure is formed upon cooling from the 𝛽 phase field, and bimodal and equiaxed microstructures is determined by temperature and cooling rate at the
recrystallization process. Thus, this section will deal with the effect of thermal/thermomechanical process on the microstructure.

Thermal effects
The processing temperature is one of the key factors that affects the microstructure. The
as-received microstructure could alter other microstructure types during the heat treatment
process, due to the phase transformation of 𝛼-Ti (HCP) phase to 𝛽-Ti (BCC) phase. Many
studies indicates that the heat treatment temperature influence the microstructural change
[17-22]. Figure 2.4-5 shows a microstructural change of Ti-6Al-4V alloy according to the
heat-treatment temperature. Figure 2.4 (a) - (b) shows no significant changes in
microstructures when the heat-treatment temperature is not high enough. At the 𝛼+𝛽 field
temperature, the microstructure changed from equiaxed microstructure to bi -modal
microstructure as shown in Figure 2.4 (c). Figure 2.5 shows the microstructure changed
9

Figure 2.2 Optical micrographs of three main microstructures generally seen in 𝛼+𝛽 titanium alloys; (a)
lamellar, (b) bi-modal, and (c) equiaxed [15].
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Figure 2.3 A schematic illustration of thermomechanical treatment for titanium alloy [23].
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Figure 2.4 The effect of the temperature on the microstructure of Ti-6Al-4V alloy during the heat-treatment
process; (a) as-received, (b) 538 °𝐶 for 4 hours with argon quenching, (c) 913 °𝐶 for 45 minutes and then
538 °𝐶 for 4 hours with argon quenching [21].
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Figure 2.5 The microstructural changes of Ti-6Al-4V; (a) as-received, (b) annealed at 1040 ℃, and (c)
annealed at 1260 ℃ [24].
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from equiaxed to lamellar microstructure when the heat-treatment temperature is above the
𝑇𝛽 . Also, the processing temperature has an influence on the texture of Ti-6Al-4V alloy
[24] due to the phase transformation of 𝛼-Ti (HCP) phase to 𝛽-Ti (BCC) phase. The
transformation of titanium alloy follows a classic burgers orientation relationship (BOR)
[25] that the respective closed-packed planes and directions between the parent 𝛽 phase
and the product 𝛼 phase are parallel to each other; (110)𝛽 ∥ (0001)𝛼 and [11̅1̅]𝛽 ∥
[21̅1̅0]𝛼 . Therefore, the processing temperature could change or keep the texture of asreceived material. Figure 2.6 shows a texture evolution according to the processing
temperature. The texture of Ti-6Al-4V alloy was changed from (101̅0)𝛼 -fiber texture to
(0002)𝛼 -cube like texture [24]. Furthermore, the microstructure could have a different
morphology according to the cooling rate [18, 22, 26, 27]. Figure 2.7 shows the effect of
cooling rate on the microstructure of Ti-6Al-4V alloy. With the slow cooling rate (<
40℃/𝑚𝑖𝑛), the microstructure shows 𝛽 phase as a small seam around the coarse and bright
colored 𝛼 lamellae, as shown in Figure 2.7 (a) and (b) [27]. With rapid cooling rate from
the temperature above the martensitic start temperature and through the 𝛼+ 𝛽 phase field,
the 𝛽 phase transformed into martensite phase, a fine needle-like microstructure as shown
in Figure 2.7 (d) [26].
Thermo-mechanical effects
The degree of deformation, true strain, is one of the key variables of thermo-mechanical
process. The as-received microstructure could alter other microstructure types during hot
working such as hot rolling, hot compression, extrusion, forging, due to the dynamic
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Figure 2.6 Texture evolution of 𝛼-phase pole figures for Ti-6Al-4V samples according to the annealing
temperature; (a) as-received, (b) annealed sample at 1040 ℃, and (c) annealed sample at 1255 ℃ [24].
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Figure 2.7 Microstructure of the Ti-6Al-4V alloy according to the cooling rate; (a) 10 ℃/𝑚𝑖𝑛, (b) 40
℃/𝑚𝑖𝑛, (c) air cooling, and (d) water cooling [26, 27].
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recrystallization of Ti-6Al-4V alloy [28-31]. Dynamic recrystallization could generate
new grain sizes and orientation, which can interrupt crack propagation. Strain can trigger
the growth of a new grain, spending atoms from pre-existing grains rather than causing the
materials to fracture [32]. Figure 2.8 shows the effect of deformation degree on the
microstructure of Ti-6Al-4V alloy. According to increasing the deformation degree from
20% to 80%, the evidence of grain boundary intergranular 𝛼 disappeared, and the lath
kinking has become apparent. In addition, the larger 𝛼 grains with less liner grain boundary
become quite noticeable and are associated with the prior 𝛽 grain triple points at 80%
deformation. Also, the strain rate is another key factor that is influences the microstructure
of Ti-6Al-4V alloy [30, 33, 34]. Figure 2.9 shows the effect of strain rate on the
microstructure during compression [30]. At a strain rate of 1 s −1 at 973K, the
microstructures consisted of both of fine equiaxed grains with 192±4 nm grain size and
the pre-existing lamella structure as shown in Figure 2.9 (d). The volume fraction of
equiaxed grains increased according to a decrease in strain rate, with a fully equiaxed
microstructure obtained at strain rate of 0.01 s −1 and below as shown in Figure 2.9 (a) and
(b). Figure 2.10 shows the mean size of the R-grains as function of strain rate and
deformation temperature in the Ti-6Al-4V alloy. The mean size of recrystallized grain at
the high strain rate is smaller than that of recrystallized grain at the low strain rate. The
recrystallized grains increase linearly with deformation temperature as shown in Figure
2.10 (b). Furthermore, the thermo-mechanical processing influences the crystallographic
textures of Ti-6Al-4V alloy [35-37]. The texture evolution of 𝛼-phase has been conducted
extensively for conventional rolling, and a diverse of deformation texture have been
17

Figure 2.8 The microstructure evolution of hot-rolled Ti-6Al-4V alloy according to the deformation degree;
(a) as-received, (b) 20% rolled, (c) 50% rolled, and (d) 80% rolled [38].
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Figure 2.9 Microstructural evolution of Ti-6Al-4V alloy along with the deformation to a strain of 0.8 at 973
K (700 ℃) and different strain rates: (a) 0.001 s-1, (b) 0.01 s-1, (c) 0.1 s-1 and (d) 1 s-1. The black arrow in
(a) represents the compression direction [30].
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Figure 2.10 The effect of strain rate and deformation temperature on the mean size of recrystallized grains:
(a) influence of strain rate at 1050 ℃ and a strain of 0.7 and (b) influence of temperature at strain rate 1.0 and
2.0 s-1 and a strain of 0.7 [33].
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reported [39-41]. In general, the rolling texture of 𝛼-phase can be sorted into two groups
as shown in Figure 2.11; (i) the basal texture featured by the c axis close to the normal
direction of the rolling plate/sheet, (ii) the transverse texture featured by the c-axis oriented
toward the transverse direction of the rolling plate [23].

2.2Friction Stir Spot Welding (FSSW)
Friction Stir Welding (FSW) is invented and patented by The Welding Institute (TWI) in
1991 [42]. This welding technique is one of solid-state joining processes, useful for the
materials which are relatively difficult to make a joint by conventional fusion welding. A
non-consumable tool is used to generate the frictional heat and make a plasticized area at
a welding zone. The FSW process consists of 4 steps: (i) rotation, (ii) plunge, (iii) translate,
and (iv) retract. The welding process starts when the rotation tool plunges into the materials
to be joined. The rotating tool slowly translates along the joining line and finally retracts
at the end of the process, as described by a schematic illustration in Figure 2.12. Therefore,
this process is possible to perform in the butt-/lap-joint configurations [10, 43, 44].
The spot-welding variant of FSW was developed and tried by Mazda Motor Co. in 1993,
commonly called as friction stir spot welding (FSSW). This development resulted in
successful application of FSSW technique in the automotive industry [45-47]. As a variant
of FSW, the FSSW process have a similar procedure. The FSSW process consists of three
steps: (i) rotation, (ii) plunge, and (iii) retract. Figure 2.13 illustrates the schematic of the
FSSW process. Similar to the FSW process, the welding operation starts by plunging a
non-consumable rotating tool into the workpiece. During the plunging stage, the workpiece
becomes heated by the tool through frictional contact. By increasing the temperature of the
21

Figure 2.11 Schematic illustration of basal and transverse textures of titanium alloys along with the
deformation direction and plane [23].
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Figure 2.12 Schematic illustration of friction stir spot welding process [48].
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Figure 2.13 Schematic illustration of the FSSW process: (a) plunging, (b) stirring, and (c) retracting [49].
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workpiece, the material underneath a vicinity of the FSSW tool starts to soften, resulting
in the plastic flow of the weldment material. When the tool is plunged into the desired in
the plastic flow of the weldment material. When the tool is plunged into the desired depth,
in the plastic flow of the weldment material. When the tool is plunged into the desired in
the plastic flow of the weldment material. When the tool is plunged into the desired depth,
the plunge motion of the tool is stopped, and the tool is held in the position at a specified
length of time (referred as dwell time). During this “dwell time”, the material continuously
undergoes plastic deformation. The role of the shoulder in the FSSW tool is a provision of
forging force, a retention of the displaced material from the weld zone. After dwell time is
over, the rotating tool is retracted from the workpiece. It requires a notably shorter
operation time than the FSW process. During the FSSW process, the mechanical properties
of joints can be affected by the tool geometry. Apart from the adopted tool geometry, the
welding conditions such as rotation speed, plunge depth and speed, dwell time, are also the
key processing variables that control the weld strength and quality of joints.
2.2.1 Heat input during friction stir spot welding
The heat input is the most important factor due to the significant influence on the
microstructure and mechanical properties of the joints. It is well known that the major
energy source of FSSW process depends on the frictional heat generated between tool and
material. However, it is difficult to exactly measure the frictional heat due to energy losses
through welding tool and surrounding environment. It reported that the heat generated
during p-FSSW is equivalent the energy input onto materials by the tool [50, 51]. It
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suggested that the energy input resulting from tool rotation was calculated with rotation
speed, axial force, torque, displacement, and time. The equation was expressed as below:
𝑡
𝑡𝑝
2𝜋𝑣
) 𝑑𝑡 + ∫ 𝐹𝑝 𝑉𝑝 𝑑𝑡 ⋯ (2.1)
𝑄 = ∫ 𝜏(
60
0
0

Where 𝜏 is the torque (𝑁 ⋅ 𝑚), 𝑣 is the tool rotation speed (RPM), t is welding time (s), 𝐹𝑝
is the axial force (N), 𝑉𝑝 is the plunge rate (m/s), and 𝑡𝑝 is the tool plunging times (s). This
equation can be separated by the tool motion such as rotation and plunge; the 1st term is
energy input by tool rotation (𝑄𝑟 ) and the 2nd term is energy input by tool plunge (𝑄𝑝 ).
The detail information of welding parameters will be dealt as following in the section 2.2.2.
2.2.2 FSSW parameter and tool design
Tool rotation speed
One of the key variables in FSSW process is the tool rotation speed that controls the heat
input into the materials being joined. According to the application and the capability of the
spot-welding machine, a spectrum of rotation speed can be applied during FSSW. The tool
rotation speed is corresponding to the heat input into the material [52]. The optimization
of tool rotation speed will rely on the combination of the other process variables such as
tool geometry and the material being welded.
Dwell time
The dwell time correlates with the time during which the tool stays in contact while rotating
at its desired location before extracting. This parameter is the most dominant welding
variable for weld strength [53, 54]. A long dwell time induces a large heat generation in
the material due to the longer duration for the tool to stay in contact with the material. It
has been reported that increasing the dwell time improves the tensile shear strength as well
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as induces a larger welded area. On the other hand, a long dwell time could also result in
the formation of intermetallic compounds often detrimental to the mechanical performance
of the joints.
Plunge speed
The plunge rate has not received much attention in the literature. During plunging step, the
tool and workpieces are heated up by friction. A higher plunge rate will generate a higher
heating rate and the microstructure is affected in the early weld stage. Moreover, a fast
plunge speed will cause more wearing on the tool due to the lack of softening of the
material in the initial plunge step. The plunge speed is reported that it could have a
significant influence on the lap-shear tensile load of the resultant spot weld [55].
Plunge depth
The plunge depth could be considered as the contact condition or the amount of contact
that exists between the tool shoulder and the material during welding process. If the depth
is too large, more material will be expelled than the shoulder is designed to hold, and excess
weld flash will be formed. If the depth is too shallow, there will be an insufficient forging
force applied and the joint may not be properly formed.
Shoulder geometry
In the FSSW process, a variety of probe shapes have been studied [12, 56]. Bilici et al.
reviewed six tools having different shapes of the probe to identify the optimal geometry
for the FSSW process, as shown in Figure 2.14. It is found that the geometry of the
probehas a significantly effect on the thickness of the weld nugget and tensile strength. The
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Figure 2.14 FSSW tool profile and pin shape; (a) straight cylindrical, (b) tapered cylindrical, (c) threaded
cylindrical, (d) square, (e) triangular and (f) hexagonal [56].
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tapered cylinder (TC) created the strongest weldments with a similar plunge depth [56].
Probe length
The probe (pin) length of the FSSW tool is generally determined on the material thickness,
i.e., thicker materials require the tool having a long probe. It is found that the tensile shear
strength of the weldment improved with probe length, regardless of the other variables such
as tool rotation speed and dwell time [57, 58]. This increase in shear strength related with
the longer probe was attributed to improvement in the size of the weld nugget. On the other
hand, Bakavos [59] et al. found the probe penetrating the bottom sheet by more than 20%
has a negative effect on the tensile shear strength of the weldment, as shown in Figure 2.15.
Moreover, it is surprising that a pinless tool could create weldments having comparable
strength to those with a traditional tool with a probe as shown in Figure 2.15 [59].
Shoulder geometry
The shoulder of the FSSW tool provides the heat generation during the process, generates
the forging force required to create the joint, and keeps the plasticized materials within the
weld zone. The shape of tool shoulder is generally concave, flat, or convex as shown in
Figure 2.17. According to the shoulder shape, the mechanical properties could improve up
to 15% [60].
2.2.3FSSW metallurgy
Figure 2.18 shows a typical micrograph of the cross-section of FSSW sample. The FSSW
weld joints consists of three distinct regions: (i) stir zone (SZ), (ii) thermo-mechanically
affected zone (TMAZ), and (iii) heat affected zone (HAZ) [61, 62]. The stir zone (SZ) is
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Figure 2.15 Effect of pin-length and anvil insulation on the tensile shear strength [59].
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Figure 2.16 Schematic illustration of FSSW tool geometries; (i) concave shoulder, (ii) flat shoulder, and (iii)
convex shoulder [60].
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the fully recrystallized area in the vicinity of the tool pin. Within the stir zone, the grains
are approximately equiaxed and generally smaller in size than the grains in the base
material. The thermo-mechanically affected zone (TMAZ) is formed in the area where the
tool has plastically deformed the material but without significant recrystallization. There is
a distinctive boundary between the TMAZ and the recrystallized zone. The heat affected
zone (HAZ) is the area that locates closer to the weld-center and has undergone a thermal
cycle during welding process that has changed the microstructure and/or the mechanical
property. The base material (BM) is the material that is located far from the welded area
that has not been affected by the welding process; but this area may have experienced a
minor thermal cycling from the weld. This area is not influenced by the frictional heat so
that the initial microstructure and/or the mechanical properties are unaltered.
2.2.4 FSSW variations
Refill FSSW
The refill FSSW was developed and patented by Helmholtz-Zentrum Geesthacht, Germany
[63]. Figure 2.19 shows the schematic illustration of the refill FSSW process. In this
process, the tool consists of three parts: pin, sleeve, and clamp. The clamp holds the plates
rigidly against the anvil and restrain the material flow during the process. While the pin
and sleeve start to rotate in the same direction, they can move independently in the axial
direction. The pin and sleeve move in the opposite direction, making a space where the
plastic material is contained. After reaching the default plunge depth by the sleeve, the pin
and sleeve move to the initial surface of the plate, making the displaced materials to fully
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Figure 2.17 Typical micrograph of the cross-section of a FSSW sample [62].
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Figure 2.18 Schematic diagram of the refill FSSW process: (a) friction, (b) first extrusion, (c) second
extrusion, and (d) pull-out stage [64].
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refill the keyhole. At the final step, the entire tool is withdrawn from the joint leaving a flat
surface with minimal material loss [61].
Pinless FSSW
In this process, the tool without a pin but with a curved groove on its shoulder surface has
been proposed in 2009 [65, 66]. Bakavos [11] et al. reported different shoulder surface for
FSSW using a pinless design as shown in figure 2.19. This type of pinless tool has several
advantages such as a simpler process and a better appearance with a shallow or no keyhole.
Figure 2.20 shows a schematic illustration of pinless FSSW process. Recent studies showed
that this novel approach can be applied to produce high-strength weldments with a short
dwell time [66, 67].
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Figure 2.19 The different pinless tool designs, shown clean before and after twenty welds; (a) the flat, (b) the
short flute wiper, (c) the long flute wiper, (d) the fluted scroll, and (e) the proud wiper [11].
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Figure 2.20 Schematic illustration of the pinless FSSW process; (a) plunging, (b) stirring, and (c) retracting
[66].
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Chapter 3
Pinless friction stir spot welding of Ti-6Al-4V alloy: weldability
3.1 Introduction
Titanium and its alloys are extensively used for aerospace, marine, power-energy, chemical
and biomedical applications, due to their attractive properties such as high strength-toweight ratio, good thermal stability, and excellent corrosion resistance [68, 69]. During the
manufacturing processes, titanium structural parts usually require a joining process, which
is generally accommodated by conventional fusion welding techniques. However,
application of fusion welding on titanium alloys often results in the formation of coarse
and brittle microstructure, severe distortion, and high residual stress [70, 71]. For Ti-6Al4V alloy, the processing temperature distribution is a particularly important issue due to
the microstructural evolution complicated by the solid-state phase transformations between
BCC- and HCP- during and after the welding process.
To alleviate the problems of conventional fusion welding techniques, friction-based
welding processes were developed, which include friction stir welding (FSW) invented by
the Welding Institute (TWI) of the UK in 1991. The FSW technique proves to be quite
effective in joining alloys with low melting points.
Similarly, friction stir spot welding (FSSW) technique is a solid-state joining process that
is a derivative of the FSW technique with considerable merits over conventional fusion
spot welding, such as relatively simple procedure and excellent welding properties. The
frictional heat, generated from the contact between a rotating tool and the material, causes
the two overlapping materials to soften. Simultaneously, a localized plastic flow around
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the tool pin joins the materials together [12, 72, 73]. With the superior weldability as well
as reduction of the manufacturing cost and energy consumption, the FSSW process has
been successfully applied to the joining of light-weight Al-alloys [11, 12, 64, 74] and Fealloys [75-77].
Several studies have also reported critical issues related to the formation of hook defect
[65, 78] and the keyhole in the FSSW joints [79, 80] caused by the pin of the FSSW tool.
Such defects typically result in a reduction of lap-shear strength and fatigue strength [60,
81, 82]. Therefore, in order to improve the weld structure and lap-shear strength, several
variations of FSSW techniques have been developed, namely refill FSSW [63], FSSWstitch/swing [83, 84], and pinless FSSW [11, 59].
It is well known that the extreme plastic deformation and high temperature exposure
experienced by the base materials cause significant microstructural changes. Moreover, it
has been reported that the tool geometry and specific welding parameters, such as tool
rotation speed, plunge speed/depth, and dwell time, have significant influences on the
microstructure and texture developments during FSW at the joint [85-87].
To date, unlike the FSW of Ti-6Al-4V alloy, the application of FSSW to high-temperature
structural alloys has not been as successful, resulting in very few studies on FSSW of Ti6Al-4V. This is due to several difficulties related to the limitation of FSSW applications
by the characteristics of titanium alloys, such as a relatively low thermal conductivity and
refractory properties. The major challenge is the selection of welding tool materials that is
suitable for the high-strength and refractory Ti-based alloys because of the deformation
and wearing of the welding tool [48, 88]. Therefore, p-FSSW is a strong potential
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alternative, as a key advantage of this process is a simple tool design compared to the other
variations of friction-based spot welding technique.
There is one key question regarding whether the p-FSSW technique could be successfully
and reliably applied to refractory materials with the process strongly (and solely) rely on
the frictional heat input to make lap-joint unlike other friction-based welding technique
that also involve significant plastic deformation.
The current study aims to investigate the relationship between welding parameter of pFSSW and weldment integrity. In this investigation, a series of p-FSSW were performed
on Ti-6Al-4V alloy plates as a function of these key welding variables. First, the effect of
cylindrical tool rotation speed and plunge speed on the bond length at the plate interface
was investigated using optical microscopy. Second, hardness mapping and scanning
electron microscopy analysis were conducted to characterize the cross-sectional
microstructure of the weld zone. Third, lap-shear tensile tests were performed to measure
joint strength and to identify failure mode for weldments prepared under various
conditions. Finally, the influence of welding parameters in terms of tool turns on total
energy input during welding and the resulting weld quality is discussed.

3.2 Experimental
3.2.1 Material
Ti-6Al-4V (grade 5) Titanium alloy rolled plate (with a thickness of 3.175 mm) was used
to produce the joints. Its chemical composition is as follows: 6.11 wt.% Al, 3.98 wt.% V,
0.20 wt.% Fe, 0.16 wt.% O, 0.011 wt.% C, 0.005 wt.% N and the balance Ti.
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3.2.2 Pinless friction stir spot welding
The welding condition in this study are given in Table 3.1. Note that all specimens were
made using a displacement-controlled friction stir spot welding machine. As shown in
Table 3.1, every single weld specimen was done with plunge depth of 0.637 mm and
dwelling time of 5 s at pre-heating step and plunge depth of 1.27 mm at joining step. The
weld parameters changed in this study were tool rotation speed and plunge rate at joining
step from 2000 rpm to 2500 rpm, and from 0.212 mm/s to 0.0432 mm/s, respectively.
For p-FSSW, materials were prepared with a dimension of 101.6 mm × 25.4 mm and all
contacted surfaces were brushed to remove oxides and contaminants. The plates were fixed
using a clamping plate to maintain the desired overlap. The clamping plate has a circular
opening to enter the tool for welding. The welding tool is a cylinder nitride (Si3N4) ceramic
tool without a pin feature and a diameter of 14 mm.
3.2.3 Cross-sectional macrostructures and bond length
Specimens for macro- and micro-structure examinations were sectioned along the center
of the joints and parallel to the tool plunging direction. The samples were prepared using
progressively finer SiC grinding papers and water to 2000 grit followed by polishing with
5 𝜇𝑚 and 1 𝜇𝑚 alumina suspension. Final polishing was carried out in a vibratory polisher
using 0.05 𝜇𝑚 colloidal silica suspension. In addition, Kroll’s reagent was used to etch the
samples. The cross-sectional macrostructure was obtained using a light optical microscope
(OM) with x50 magnification. The microstructure and bond length were measured using
scanning electron microscope (SEM).
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Table 3.1 Summary of p-FSSW process parameters and sample identification.
Sample ID

Rotation Speed
(rpm)

A-1

2000

B-1

2250

C-1

2500

C-2

2500

C-3

2500

Step #01 (pre-heating)
Step #02 (joining)
Step #01
Step #02
Step #01
Step #02
Step #01
Step #02
Step #01
Step #02
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Plunge speed
(mm/s)

Plunge depth
(mm)

Dwelling time
(second)

0.212
0.212
0.212
0.212
0.212
0.212
0.212
0.127
0.212
0.0423

0.637
1.27
0.637
1.27
0.637
1.27
0.637
1.27
0.637
1.27

5s
0s
5s
0s
5s
0s
5s
0s
5s
0s

3.2.4 Mechanical properties
Hardness test was carried out covering the cross-sectional area of the welded samples. The
spacing between two adjacent indentations was 250 𝜇𝑚 resulting in a 21 × 101 indentation
matrix using 300 g load and 5 s holding time.
To evaluate the strength of the joints, lap-shear tensile test was performed using the
Material Test System (MTS) servo hydraulic mechanical testing machine with a digital
controller. Figure 3.1 shows the configuration of lap-shear test, performed following
ASTM D5868-01. The lap-shear coupon was produced by using two 101.6 mm × 25.4 mm
sheets with a 25.4 mm × 25.4 mm overlap area. The specimen was tensile loaded at a
constant crosshead speed of 10 mm/min, where the lap shear tensile load versus the
displacement curves were obtained. Energy absorption (kN mm) was calculated with an
integration of load – displacement curves for each p-FSSW weld case. The fractured
samples were then examined and photographed to determine the failure modes. Also, a
tensile test was performed to understand the mechanical properties within the weld nugget.
The specimens were extracted at the targeted location using EDM machine. The surface of
EDM cut samples were polished by sandpaper. The experiments were conducted at an
initial strain rate of 10−3 𝑠 −1 with a gauge length of 4mm, wide of 1.25 mm and thickness
of 0.5 mm.
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Figure 3.1 Configuration for lap-shear test. The applied loading rate is 10 mm/min.
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3.3 Results
3.3.1 Welding variables and specimen responses during p-FSSW
Tool rotation speed, torque, axial force, and plunge depth (penetration depth) recorded
during the p-FSSW process for one of welding conditions are shown in Figure 3.2 (a) - (b).
The recorded welding variables are divided into two parts according to the movement of
welding tool: (i) rotation part and (ii) plunge part. As shown in Figure 3.2 (a) - (b), during
the pre-heating step (the 1st plunge), there shows the dramatic increase in the torque and
axial force, which subsequently gradually decreased until the dwelling stage. On the other
hand, at the jointing step (the 2nd plunge), the torque and rotation speed show no significant
changes, and the axial force increase was less than that of the 1st plunge stage. After a few
seconds of the joining step, all recorded variables start to show a steady state.
3.3.2 Weld nugget size and bond length
Figure 3.3 (a) – (c) shows cross-sectional macrostructure images of lap-jointed Ti-6Al-4V
alloys obtained by using optical microscope (OM). As shown in Figure 3.3 (a), there is no
hook defect, one of conventional FSSW defects. Also, the initial plate interface is still
visible. The initial plate interface within the weld nugget was removed gradually by
controlling the welding conditions as shown in Figures 3.3 (b) and (c). The shallow keyhole
was observed in all weld condition. The bond length was investigated to evaluate the effect
of welding condition as shown in Figure 3.4. Note that the percentage of bond length was
calculated to compare with tool diameter. As the processing conditions were varied from
A-1 to C3, the bond length increased from 5.1 mm to 12.7 mm, which is about 91% of the
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Figure 3.2 The recorded welding variables during C-3 condition of p-FSSW process; (a) rotation speed and
torque and (b) axial force and plunge depth.
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Figure 3.3 Cross-sectional macrostructures of lap-jointed Ti-6Al-4V alloys; (a) A-1 weld condition, (b) C-1
weld condition, and (c) C-3 weld condition.
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Figure 3.4 Bond length as a function of welding condition. The bond length was measured using SEM at the
initial plate interface with every 600𝑢𝑚 intervals and the percentage of bond length was calculated with tool
diameter.
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tool diameter. It shows the improvement of bond length as the rotation speed increased and
plunge rate decreased. Figure 3.5 shows the hardness mapping of lap-jointed Ti-6Al-4V
alloys, corresponding to cross-sectional macrostructure as shown in Figure 3.3. As shown
in Figure 3.3, there is a clear difference in hardness profiles between the process affected
area and the base material. Figure 3.6 shows the hardness profile along the thickness of the
weld obtained at the weld center. Along the height, the hardness varied from 370 Hv to 330
Hv. Note that the hardness of BM is 330 Hv. It shows that the location of hardness
transition moved from the initial interface plate to the middle of the bottom plate as the
welding condition changes from A-1 to C-3, which corresponds the shift from 2.9 mm to
1.2 mm. It implies that the frictional heat can be exerted below the middle of bottom plate
during the welding under condition C-1.
3.3.3 Mechanical properties and Fractography
Figure 3.7 presents the load – displacement curves of lap-jointed Ti-6Al-4V alloys at room
temperature measured during the lap shear tensile testing at ambient temperature with a
loading rate of 10 mm/min. The peak failure load of 36.2 kN was achieved by reducing the
plunge rate from 0.212 mm/s to 0.0423 mm/s. There are two different load trends after the
peak load, which is related to the fracture modes of lap-jointed Ti-6Al-4V alloy. The long
tails observed in C-2 and C-3 cases indicate a potential base material (BM) tearing and a
subsequent failure of pull-out and/or interfacial fracture. The short tail observed for C-1
indicates an interface failure. Figure 3.8 shows the fractography of lap-jointed Ti-6Al-4V
alloys. As marked by the green dotted-circles in Figure 3.8 (a) – (b), the interfacial failure
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Figure 3.5 hardness mapping of lap-jointed Ti-6Al-4V alloys; (a) A-1 weld condition, (b) C-1 weld condition,
and (c) C-3 weld condition.
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Figure 3.6 Hardness line profiles obtained at weld center along with thickness of lap-jointed Ti-6Al-4V alloy;
(a) A-1 weld condition, (b) C-1 weld condition, and (c) C-3 weld condition.
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mode was only observed in the C-1 weld condition. In the cases of C-2 and C-3, there is a
complex failure mode that consists of interfacial, nugget pull-out, and BM tearing, as
marked by green dotted-circle, white arrow, and red arrow, respectively as shown in Figure
3.8. In particular, the BM tearing was observed only in the C-3 weld condition as shown in
Figure 3.8 (g) and (h).

3.4Discussion
3.4.1 An estimation of energy input during welding
In p-FSSW, the heat input is the most important factor in terms of its influence on the
interface bonding, development of the microstructure, and resulting mechanical properties
at the joints. The thermal input strongly depends on the frictional heat generated between
the tool and the workpiece. However, it is difficult to measure the frictional heat input due
to the energy loss through welding tool and the surrounding environment. It was reported
that the heat generated during p-FSSW is equivalent to the energy input onto materials by
the tool [50]. Su et al. [51] suggested that the energy input (Q) resulting from the tool
rotation can be calculated based on the tool rotation speed, axial force, torque,
displacement, and time using the following equation:
𝑡
𝑡𝑝
2𝜋𝑣
) 𝑑𝑡 + ∫ 𝐹𝑝 𝑉𝑝 𝑑𝑡 ⋯ (3.1)
𝑄 = ∫ 𝜏(
60
0
0

where 𝜏 is the torque (𝑁 ⋅ 𝑚), 𝑣 is the tool rotation speed (RPM), t is welding time (s), 𝐹𝑝
is the axial force (N), 𝑉𝑝 is the plunge rate (m/s), and 𝑡𝑝 is the tool plunging times (s). This
equation can be separated into two terms based on the tool motions, i.e., rotation and
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Figure 3.7 Lap-shear tensile load – displacement curves with selected welding conditions.
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Figure 3.8 Fractography of lap-jointed Ti-6Al-4V alloys; (a) – (b) C-1 weld condition, (c) – (d) C-2 weld
condition and (e) – (h) C-3 weld condition. There are three markers in Figure; a green-dotted circle, a white
arrow, and a red arrow indicates the interface fracture, nugget pull-out fracture, and base material fracture,
respectively.
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plunge. So, 1st term is the energy input by the tool rotation (𝑄𝑟 ) and the 2nd term is the
energy input by the tool plunge (𝑄𝑝 ). Table 3.2 presents the calculated energy inputs of all
welding conditions studied with measured welding variables as shown in Figure 3.2. The
calculated energy input increased from 10.5 kJ to 19.5 kJ as the welding condition changed
from A-1 to C-3. The calculation results show that the energy input by the tool rotation is
significantly greater than that by the tool plunge. Note that it shows a drastic jump of energy
input by tool rotation because the reduced plunge rate affects the increase on the welding
time. Therefore, Equation (3.1) can be simply expressed as below:
𝑡
2𝜋𝑣
) 𝑑𝑡 ⋯ (3.2)
𝑄𝑡 ≈ 𝑄𝑟 = ∫ 𝜏 (
60
0

The Equation (3.2) is often adapted by other studies to calculate the energy input during a
friction welding process [52, 59]. Furthermore, the “tool turn” can be introduced to
establish the relationship between the welding variables and the spot welding energy. Note
that the tool turns reflect the applied welding inputs and can be calculated using a
combination of the tool rotation speed and welding time [89]. Figure 3.9 presents the
relationship between the tool turns and the spot welding energy established using the
current experimental conditions. The tool turns parameter shows a linear relationship with
the spot welding energy input as expressed using the Equation (3.3) below. It implies that
the rotation motion of welding tool produces almost linearly increasing spot welding
energy, leading to the workpieces experience more heating during the processing.
𝑆𝑝𝑜𝑡 𝑤𝑒𝑙𝑑𝑖𝑛𝑔 𝑒𝑛𝑒𝑟𝑔𝑦 (𝑘𝐽) = 0.018 × 𝑡𝑜𝑜𝑙 𝑡𝑢𝑟𝑛𝑠 + 4.287 ⋯ (3.3)
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Table 3.2 A calculated energy input using the tool rotation speed, torque, axial force, and plunge depth
recorded by data acquisition during p-FSSW process.
Sample ID

Energy input by rotation (kJ) Energy input by plunge (kJ) Total energy input (kJ)

A-1

9.81 (93.25 %)

0.71 (6.75 %)

10.5

B-1

11.51 (92.3 %)

0.96 (7.70 %)

12.5

C-1

12.40 (93.37 %)

0.88 (6.63 %)

13.3

C-2

13.09 (95.9 %)

0.56 (4.10 %)

13.6

C-3

19.06 (97.74 %)

0.44 (2.26 %)

19.5
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Figure 3.9 The relationship of tool turns with spot welding energy input. Tool turns is combination of welding
time and tool rotation speed. The spot welding energy input was calculated with rotation speed, axial force,
torque, displacement, and time recorded by data acquisition (DAQ) during p-FSSW process.
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By using Equation (3.3) and the welding variables, such as the tool rotation and plunge
speed, dwell time, etc., one could potentially optimize the required spot welding energy
input and the process time.
3.4.2Relationship between tool turns and interface bonding length
The weld joint is produced by the frictional heat during the p-FSSW process, which is
mainly generated by the tool rotation. It is expected that the interface bonding and,
specifically the bond length, will be maximized when the width of the transferred frictional
heat is adequate and equal to the tool diameter at the initial plate interface. Figure 3.10
shows the ratio of bond length to the tool diameter as a function of the tool turns, i.e., the
frictional heat energy input. The ratio exhibits an asymptotic curve, having an asymptotic
line at 0.92, which is 12.9 mm. Furthermore, there is a theoretical approach used to
quantitatively illustrate the geometric characteristics of p-FSSWed Al-alloy joint [90]. An
ellipse model provides the intercept length (𝛾) at the initial interface, that is a potential
bond length by p-FSSW process. For the model, a coordinate system of cross-sectional
area could be established where the x axis is parallel to the top-surface and the tool center
is the origin, so the ellipse equation can be expressed as below:
𝑥2 𝑦2
+
= 1 (ℎ > 𝑘 > 0) ⋯ (3.4)
ℎ2 𝑘 2
Where ℎ and 𝑘 are the wide and depth of the stir zone, which are semi-major and minor
axis, respectively. This ellipse equation was modified based on the cross-sectional
macrostructure and hardness line profile of the current study, where the semi-major and
minor axis can be defined as ℎ = 𝑟 + 𝑛 and 𝑘 = 𝑏. Note that 𝑟 is the tool radius and n is
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𝑥2
𝑦2
+
= 1 ⋯ (3.5)
(𝑟 + 𝑛)2 𝑏 2

Figure 3.10 The ratio of bond length to tool diameter and the length ratio (𝛾) at the interfacial line by ellipse
model as a function of tool turns. The depth (𝑏) of process affected area, and the material thickness (𝑑) from
top-surface to initial plate interface after p-FSSW processing were used to calculate the length (𝛾) by ellipse
model.
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the depth of tool plunge at pre-heating step. Therefore, the Equation (3.4) can be modified
as: In addition, Figure 3.10 presents the relationship between 𝛾 and the tool turns. When
the tool turn was over 550, the bond length shows a good agreement with 𝛾 (programmed
value). However, the gap between experimental value and programmed value was observed
when the tool turn was below than 500 turns. It indicates the low tool turn didn’t make the
material soft enough and the tool was shallowly plunged into the material during p-FSSW.
Thus, it could be concluded that the 𝛾 value by modified ellipse model can be used as an
index to evaluate whether the welding condition of p-FSSW is optimized.
3.4.3 Bond length, lap-shear strength, and failure mode
The spot joints are typically subjected to a lap-shear loading condition during their service.
The strength and failure mode of a single joint are influenced by many factors such as the
residual stress, weld geometry, and microstructure. Thus, it is important to understand the
strength and failure behavior of lap joint in terms of such parameters. It was reported that
the fracture characteristics were classified as two failure modes: (i) interfacial and (ii) pullout [91-93]. For the interfacial failure mode, the crack propagates through the weld nugget,
where the driving force is a shear stress. On the other hand, for the pull-out failure mode,
the weldment first rotates under the applied tensile load and. then a necking and crack
initiation occur at the circumference of the weldment where the driving force is a tensile
stress [92]. There are two equations for the load of each failure modes.
𝐹𝐼𝐹 = 𝑆 × 𝜏𝑤 = 𝜋
𝐹𝑃 =

𝑑2
× 𝜏𝑤 ⋯ (3.6)
4

𝜋
𝑑 × 𝑡𝑢𝑠 × 𝜎ℎ𝑎𝑧 ⋯ (3.7)
4
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where 𝐹𝐼𝐹 and 𝐹𝑃 are the peak failure load of interfacial and pull-out modes, respectively,
and 𝑑 is the weld nugget diameter at the weld interface, and 𝜏𝑤 is the shear strength at weld
interface. 𝑡𝑢𝑠 is the material thickness of upper sheet after the welding, and 𝜎ℎ𝑎𝑧 is the
fracture tensile stress at the boundary of HAZ and the weld nugget. As shown in Figure 3.7
(black line) and 3.8 (a) – (b), the interfacial failure shows a clean and relatively flat fracture
surface at both side of the joint. There was no bending evidence at top and bottom plates.
Moreover, in the load-displacement curve, there was no tail observed after the peak failure
load. The failure load of interfacial mode for p-FSSWed Ti-6Al-4V plates (i.e., C-1 case)
could follow Equation (3.6).
For complex and BM tearing modes (e.g., C-3 case), the initial crack was formed at both
side of base material at bottom plate and weld nugget of top plate due to the rotation of
weldment during the lap-shear tensile loading. The crack propagation was observed at the
BM rather than weld nugget, as shown in figure 3.8 (c) – (h). Note that Table 3.3 is the
summaries of mechanical properties within the weld nugget. Thus, the BM tearing, and a
complex failure mode could be expressed for C-8 by using Equation (3.8) as following:
𝐹𝑐 and 𝐹𝐵𝑀 =

𝜋
𝑑 × 𝑡𝑏𝑝 × 𝜎𝑇𝑀𝐴𝑍 ⋯ (3.8)
4

where 𝐹𝑐 and 𝐹𝐵𝑀 are the peak failure load of complex mode, and BM tearing mode,
respectively. 𝜎𝑇𝑀𝐴𝑍 is the fracture tensile stress at the TMAZ, and 𝑡𝑏𝑝 are the material
thickness of the bottom plate since the crack should be propagating from the TMAZ to the
BM. The calculated peak failure load using Equation (3.8) was 33.1 kN, which shows a
good agreement with the measured value. Thus, it could be concluded that the peak failure
load may have a liner relationship with bond length when the crack propagates at bottom
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Table 3.3 Yield and fracture stress of Ti-6Al-4V p-FSSWed by C-3 conditions as a function of the thickness
of weld nugget.

Height
BM

0.9 mm

1.6 mm

2.1 mm

2.9 mm

4.1 mm

4.6 mm

𝜎𝑦 (MPa)

966.9

902.4

876.1

911.7

900.1

819.1

833.7

𝜎𝑓 (MPa)

868.8

842.5

945.4

1004.3

1045.7

940.2

1160.5

62

plate, which may also indicate that the location of HAZ is below the initial interface line
for the case of C-2/C-3.

3.5Conclusions
An experimental investigation on the pinless friction stir spot welding (p-FSSW) of Ti6Al-4V alloy plates with the initial thickness of 3.175 mm was conducted to study the
relationship among the key welding process parameters, bond characteristics, joint
strength, and failure mode of the joint. The following conclusions are made:
1) The welding parameters of the tool rotation and plunge speed were optimized
to 2500 rpm and 0.0423 m/s (i.e., C-3 weld condition) to achieve the bond length
of 12.7 mm at the interface, which is 91% of the tool diameter. Also, the depth
of weld nugget was 1.27 mm for the C-3 case which is 40% of the initial plate
thickness. Also, the hardness line profile shows enhanced weld nugget size with
the increase in the tool rotation speed, which indicates the increase in the extent
of the heat affected zone (HAZ).
2) The input energy during the p-FSSW process was calculated using the tool
rotation and plunge speed. Also, the welding parameter was converted into the
tool turn to correlate the input energy, tool turns, and welding parameters. The
tool turn parameter shows a linear relationship with the input energy during the
welding.
3) The lap-shear testing of different weld samples exhibited various failure modes
depending on the processing conditions: (i) interfacial failure mode, (ii)
complex failure mode (partial interfacial and BM tearing), and (iii) BM tearing
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mode. The lap-shear strength of C-3 case was the maximum at 36 kN. In this
case, the crack formation at the bottom plate was generated by the rotation of
the weldment under tensile loading, indicating a complex and BM tearing failure
mode, resulting from a strong interfacial bonding compared to other cases where
the interfacial failure mode was predominant.
4) The ellipse model and the measured data on the relationship between  and tool
turns show a good agreement. It was revealed that relatively low tool turns
below 500 did not produce adequate frictional heat to soften the material during
the p-FSSW process, resulting in shallower tool plunge depths than the intended
depths. A modified ellipse model could provide an index to estimate the
morphology of weld nugget and help optimize the weld condition in terms of
the 𝛾 value.
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Chapter 4
Development of microstructure and texture in pinless friction stir spot
welded Ti-6Al-4V plates
4.1 Introduction
High performance titanium alloys utilized for structural applications are typically 𝛼+𝛽
two-phase alloys, consisting of 𝛼-Ti phase (HCP) and 𝛽-Ti phase (BCC). Among twophase Ti-alloys, Ti-6Al-4V alloy is the most widely used material for marine, power-plant,
chemical, and aerospace applications due to a remarkable combination of properties such
as excellent thermal stability, high strength to weight ratio, and corrosion resistance. Thus,
this alloy accounts for more than 50% of the total titanium usage in the world [94]. In the
manufacturing industry, the structural components require a welding process, which is
generally carried out by conventional fusion welding. However, the conventional welding
has a several disadvantages such as the formation of unintended phases, a large distortion,
and considerable residual stresses. For those reasons, a solid-state joining technique is often
desirable, and a friction-based welding method is one of possible candidates.
As a modification of the Friction Stir Welding (FSW), the Friction Stir Spot Welding
(FSSW) technique provides several merits such as defect-free weld, minimal weld
distortion, and low energy consumption, typically associated with the FSW techniques
[95]. For FSW, a non-consumable tool is used to generate a linear weld by moving along
the weld line, while the FSSW technique makes a single weld at a distinct location or ‘spot’
utilizing a similar or simpler tool compared to the FSW. Note that numerous studies have
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focused on the influence of tool designs on the thickness of the weld nugget and tensile
strength [12, 56].
In general, the FSSW technique consists of three steps: (i) tool plunge step, (ii) stirring
step, and (iii) retract step. These consecutive sequences constitute one cycle of the spot
welding process to make a joint. However, this conventional FSSW also have drawbacks
such as the formation of keyhole and hook, that are critically related with the detrimental
joint properties [96-98]. To eliminate the keyhole and hook and to improve the strength of
joints, several processes have been proposed including the refill FSSW, stitch FSSW,
swing FSSW, and pinless FSSW [63, 99-102].
The base materials during FSSW process undergoes extremely large plastic deformation at
high temperature, leading dramatic microstructural changes. In general, the cross-sectional
microstructure of weld zone consists of four distinct regions based on the microstructure
and/or properties: base material, heat-affected zone (HAZ), thermo-mechanical affected
zone (TMAZ), and stir zone (SZ) [61, 62, 103-105]. Especially, it is well known that
titanium alloys undergo, during heating, an allotropic phase transformation from 𝛼-Ti
phase (HCP) at low temperature to 𝛽-Ti phase at high temperature. The constituent alloy
elements are thermodynamically stabilizing either 𝛼 or 𝛽 phase, by controlling the 𝛽 transus temperature. As a result, Ti-6Al-4V alloy can exhibit drastically different
mechanical properties when it is subjected to various thermomechanical processing
conditions. It was reported that the friction-stirred microstructure of Ti-6Al-4V alloys can
evolve in various ways in the SZ depending on the peak temperature with respect to the 𝛽transus temperature during processing [85-87]. The 𝛽 -transus temperature could be
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experienced at the SZ or below, and it highly depends on the tool design, processing
parameters, physical properties of the base material, and the plate thickness. The
microstructure of the SZ that experienced temperatures above the 𝛽-transus temperature is
typically composed of equiaxed prior 𝛽 grains surrounded by 𝛼 grain boundaries
exhibiting lamellar 𝛼+𝛽 colonies [106-108]. On the other hand, if the peak temperature in
the SZ was below the 𝛽-transus temperature, the microstructure of the SZ could have both
𝛼 and 𝛽 phases [109, 110]. It is interesting to note that the TMAZ of Ti-6Al-4V alloy,
unlike Al or, Mg alloy systems, is often not identifiable at all after the FSW process [95,
107, 111-113]. It was also reported that the microstructural characteristics of Ti-6Al-4V
alloy show an extremely narrow HAZ and transition zone [114-118], which does not
overgrow beyond about 400𝑢𝑚 [113, 118, 119]. Note that the TMAZ in Ti-6Al-4V alloy
is sometimes referred to as a transition zone [107, 114, 120]. Those microstructural
characteristics of Ti-6Al-4V alloys is generally attributed to the low thermal conductivity
of the alloy [113, 114, 118, 121].
To this end, it is important for us to establish a clear understanding on the microstructural
development in the p-FSSWed Ti-6Al-4V alloy. However, basic studies on the p-FSSW of
Ti-6Al-4V alloy lack significantly in the literature partly due to the difficulty in the
processing owing to the refractory nature of the alloy. It is, therefore, critical to investigate
the microstructure and texture development in the p-FSSWed Ti-6Al-4V plates, as the
performance of the weldment is highly depending on the microstructure of weld nugget.
Therefore, the purpose of this study is to experimentally evaluate the microstructure of pFSSWed Ti-6Al-4V plates as a function of key welding parameters. Further, the effects of
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thermo-mechanical distribution on the grain morphology, size, and orientation and, in turn,
their potential influence on constitutive mechanical properties at the weldment have been
investigated using electron microscopy, electron backscatter diffraction, synchrotron x-ray
diffraction, and tensile testing.

4.2 Experimental
4.2.1 Base material, its microstructure, and p-FSSW processing
As-received material is a rolled Ti-6Al-4V alloy plate with an initial microstructural
characteristic of equiaxed primary-𝛼 and 𝛽 phases, as shown in Figure 4.1(a). The gray
and white phases in the SEM image represent 𝛼-Ti and 𝛽-Ti, respectively. Figure 4.1(b)
shows the texture of as-received Ti-6Al-4V in terms of (0002) pole figure of the 𝛼 phase
and (110) pole figure of the 𝛽 phase. with the pole figures show typical textures expected
from a hot rolled alloy plate in the 𝛼 + 𝛽 temperature range, i.e., about 900 ~ 960℃. This
is well known as the transverse texture (T-texture) for the Ti-6Al-4V alloy plate [36, 122,
123]. The characteristics of the T-texture are identified by a strong component parallel to
the transverse direction (TD) and perpendicular to the rolling direction (RD) in the (0002)
pole figure of 𝛼-Ti phase, as shown in Figure 1(b).
4.2.2 Microstructure and Cross-section macrostructure
Microstructural characterization was carried out by scanning electron microscope (SEM)
and electron backscatter diffraction (EBSD). Samples for the SEM and EBSD were
machined perpendicular to the rolling direction and prepared using conventional
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Figure 4.1 Microstructure of as-received Ti-6Al-4V alloy. (a) equiaxed microstructure of 𝛼 + 𝛽 two phases
and (b) (0002) pole figure of 𝛼-Ti and (110) pole figure of 𝛽-Ti.
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metallography procedures. For the SEM analysis, samples were etched in Kroll’s reagent
(2 vol.% HF and 4 vol.% HNO3 in water) to reveal the microstructure. SEM and EBSD
analysis were also performed using Zeiss EVO with eFlash detector. EBSD results were
processed using MTEX toolbox [124] in MatLab to reconstruct the 𝛽-Ti grains, to analyze
grain boundary characteristics and to extract the crystallographic texture.
4.2.3 Phase fraction and texture analysis
The evolution of phase fraction and texture were measured along the thickness of the pFSSWed Ti-6Al-4V joint plates using high-energy synchrotron x-ray diffraction (S-XRD)
at beamline 11-ID-C, Advanced Photon Source (APS), Argonne National Laboratory
(ANL). Specimens were extracted from the center of the spot joint with a matchstick shape
(2 mm × 2 mm × t mm, t = thickness of the joined plates). The monochromatic x-ray
wavelength was 0.1173 Å (beam energy of 105.7 keV) and the incident x-ray beam was
collimated to 250 𝜇𝑚 × 250 𝜇𝑚. A 2D amorphous silicon (Perkin Elmer) detector was
used to measure the Debye-Scherrer rings using the transmission scattering geometry at
the nominal sample to detector distance of 1300 mm. A p-FSSWed sample (matchstick
extracted from the center of the spot weldment along the thickness) was mounted onto a
rotary stage and rotated around ND (𝜔) from 0° to 180° with intervals of 30° to obtain full
pole coverage for the texture and phase fraction analysis. A total of 20 measurement
locations covered the full thickness of specimens from the top of the upper plate to the
bottom of the lower plate. The Debye-Scherrer rings were caked to convert them to
diffraction patterns at every 10° around the RD-TD plane using the Fit2D software [125].
The Rietveld refinement of the converted Debye-Scherrer rings was performed using the
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Material Analysis Using Diffraction (MAUD) software [126] and the E-WIMV algorithm
[127] to obtain the phase fractions and texture of the constituent phases. The pole figures
(PFs) were generated using the MTEX toolbox [124].
4.2.4 Mechanical testing
A series of tensile tests were performed using miniature tensile samples extracted from the
p-FSSWed Ti-6Al-4V alloy at RT using Instron-1000, a high-resolution load frame. The
specimens were extracted at the targeted locations using the electric discharge machining
with a gauge length of 4mm, width of 1.25 mm, and thickness of 0.5 mm as shown in
Figure 4.2. The surface of the tensile samples was polished using a sandpaper. The tensile
testing was conducted at an initial strain rate of 10−3 𝑠 −1 at ambient temperature.

4.3 Result
4.3.1 Microstructure of p-FSSWed Ti-6Al-4V alloy
4.3.1.1 OM and SEM analysis
The ND-TD cross-sectional macrostructure and microstructure of the p-FSSWed Ti-6Al4V plates are shown in Figure 4.3 (a) and Figure 4.3 (b) – (e) using OM and SEM,
respectively. Note that the welding condition with tool rotation speed of 2500 rpm and tool
plunge rate of 0.1 ipm was selected to investigate the microstructure since this welding
condition provided the largest thermo-mechanical energy resulting in the best weld joint in
terms of the bond length and the joint strength as shown in Chapter 3. In Figure 4.3 (a), the
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Figure 4.2 (a) a schematic illustration for the locations of miniature tensile sample extraction and (b) the
tensile sample shape and dimension.
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Figure 4.3 (a) a cross-section macrostructure of p-FSSWed Ti-6Al-4V and microstructures of p-FSSWed Ti6Al-4V along the thickness (b) – (e) marked as red box in figure 4.2 (a).
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blue dotted line is marked for process affected area that shows the microstructural change
due to the frictional heating during the p-FSSW process. Figure 4.3 (b) – (e) are obtained
from the regions marked by the red boxes as shown in Figure 4.3 (a). Figure 4.3 (b) shows
two regions, one with the equiaxed alpha phase with a lamellar structure and the other with
a fully 𝛼/𝛽 lamellar microstructure. The equiaxed alpha microstructure was only observed
near the top surface at the center of weldment. Figure 4.3 (c) and (d) shows a
Widdmanstä tten morphology. Finally, Figure 4.3 (d) was obtained at the initial interface
of the two Ti-6Al-4V plates. The initial interface line was not visible, indicating that the
interfacial bonding from the p-FSSW processing was effective. The transition of the
microstructure in this region is from Widdmanstä tten pattern to equiaxed 𝛼 + 𝛽 microstructure, Figure 4.3 (e). This location could be the HAZ of p-FSSW.
4.3.1.2 EBSD analysis
Figure 4.4 - 6 represents the inverse pole figure (IPF) of 𝛼 and reconstructed 𝛽 and the
misorientation angle distribution, respectively. Note that all IPF maps was post-processed
by MTEX toolbox. As shown in Figure 4.4, the change in the morphology and grain size
of 𝛼 phase along the height was observed. As increasing the thermo-mechanical effect, the
grain size of 𝛼 phase was changed for 5.3 𝜇𝑚 at BM to 10.7 𝜇𝑚 at weld nugget, and the
aspect ratio of 𝛼 phase also changed from 2.2 to 3.2. Furthermore, the grain size of
reconstructed 𝛽 phase have a significant gradient from 3 𝜇m at BM to 40 𝜇m at weld
nugget as shown in Figure 4.5. Especially, Figure 4.5 (d) clearly shows the morphology
evolution of 𝛽 phase. Note that Table 4.1 illustrated the grain size and aspect ratio of 𝛼 and
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Figure 4.4 The inverse pole figure (IPF) maps of 𝛼 phase from p-FSSW Ti-6Al-4V alloys at different
locations (a) – (f) as marked in figure 4.4 (g); (a) 4.6mm, (b) 4.1 mm, (c) 2.9 mm, (d) 2.4 mm, (e) 1.9 mm,
and (f) 0.9 mm.
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Figure 4.5 The inverse pole figure (IPF) maps of reconstructed 𝛽 phase from p-FSSW Ti-6Al-4V alloys at
different locations (a) – (f) which is corresponding to Figure 4.4 (g)
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grain size of reconstructed 𝛽 phase at each location. In addition, the transformation of the
parent 𝛽 phase (BCC structure) to the child 𝛼 phase (HCP structure) generally obeys the
Burgers orientation relationship, which aligns the close-packed planes and direction such
that {0001}𝛼 ∥ {110}𝛽 and < 112̅0 >𝛼 ∥< 11̅1 >𝛽 . Note that each parent 𝛽 grain could
select up to 12 different orientation variants of the child 𝛼 phase. It was reported that some
of the variants are identically due to the crystal symmetry [128]. Consequently, the
comparison of all variants in the Burgers orientation relationship reduces to five
independent misorientations, as listed in Table 4.2. Above the height of 2.4 mm, the
misorientation angle distributions have four distinct peaks in the ranges of 7~12 ° ,
56~65°(two peaks), and 88~92°, as shown in Figure 4.6 (a) – (d). The largest peak in the
̅̅̅̅̅̅̅ 1̅ 2.377 0.359]. The
range of 56~62° was related to two axes, that are [112̅0] and [1.377
peaks at the misorientation angle of 7~12 ° , 62~64 ° , and 88~92 ° correspond to the
̅̅̅̅ 5 5 3̅], and [1 ̅̅̅̅̅̅
misorientation angle axis of [0001], [10
2.38 1.38 0], respectively. Below
the height of 1.9 mm, the misorientation angle was nearly uniformly distributed from 2° to
93°, as shown in Figure 4.3 (e) and (f).
4.3.2Texture of p-FSSWed Ti-6Al-4V alloy
The texture developments in three different cases are presented for the p-FSSWed Ti-6Al4V in this section from the lowest input energy to the highest. First, for the case of lowest
input energy (i.e., 2000rpm-0.5ipm welding condition), the 𝛼-Ti and 𝛽-Ti pole figures
measured using S-XRD are presented in Figure 4.7 as a function of the height in the
weldment. Figure 4.8(a) – (f) shows the selected texture of 𝛼-Ti and 𝛽-Ti phase to
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Table 4.1 Grain size and aspect ratio of 𝛼 phase and grain size of reconstructed 𝛽 phase from p-FSSWed Ti6Al-4V alloys at different locations.

Locations along the Height
4.6 mm

4.1 mm

2.9 mm

2.4 mm

1.9 mm

0.9 mm

𝛼 phase

8.8 𝜇𝑚

10.7 𝜇𝑚

9.2 𝜇𝑚

6.9 𝜇𝑚

4.3 𝜇𝑚

5.3 𝜇𝑚

Aspect ratio of 𝛼 phase

3.1

3.2

3.3

2.9

2.2

2.2

Reconstructed 𝛽 phase

33.8 𝜇𝑚

56.3 𝜇𝑚

39.1 𝜇𝑚

23.8 𝜇𝑚

3.0 𝜇𝑚

-
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Figure 4.6 The misorientation distribution plots of p-FSSWed Ti-6Al-4V at different locations, which are
corresponding to Figure 4.4 (g)
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Table 4.2 The reduced rotation axis and angle pairs for each type of 𝛼/𝛼 boundary from 12 variant selections.

Type

Reduced rotation axis/angle pairs

I

I

II

[112̅0]/60°

III

̅̅̅̅̅̅̅ 1̅ 2.377 0.359]/60.83°
[1.377

IV

̅̅̅̅ 5 5 3̅]/63.26°
[10

V

[1 ̅̅̅̅̅̅
2.38 1.38 0]/90°

VI

[0001]/10.53°
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Figure 4.7 Pole figure of (0002) and (112̅0) in 𝛼 -Ti and (110) , (222) , and (200) in 𝛽 -Ti along the
thickness within the weldment of 2000rpm – 0.5 ipm welding condition. Rolling direction (RD) and
Transvers direction (TD) are north and east, respectively.
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Figure 4.8 The texture evolution of 2000 rpm – 0.5 ipm weld condition at different locations along the
thickness of weld nugget (a) – (f). The selected location of texture marked as red dots in the cross-sectional
macrostructure (g).
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investigate the texture evolution and Figure 4.8 (g) shows the ND-TD cross-section
microstructure, and the red dots are corresponding to (a) – (f) from the top to the bottom.
The texture of 𝛼 phase vary significantly from the top to the bottom, showing a nearly
random texture at the top and a rolling texture at the bottom. Figure 4.8 (e) and (f) were
obtained near the initial interface of the two plates and the edge of the process-affected
area, respectively, as marked in Figure 4.8 (g). At this location, there is no changes in
texture component compared to the base material, representing the strong component along
the TD. Above the location of 3.4 mm, new texture component in (0002) pole figure of the
𝛼 phase starts to form, as marked by red circles in Figure 4.8 (c), corresponding to the
texture components in (110) pole figure of the 𝛽 phase following the Burgers relationship.
This observation indicates that the low temperature 𝛼 phase texture was inherited from the
high temperature 𝛽 phase, which must have experienced temperatures above the 𝛽-transus
temperature during the p-FSSW processing. Closer to the p-FSSW tool, the textures of the
𝛼- and 𝛽-phases become more randomized in Figure 4.8 (a) and (b). But the pole figures
still show the inheritance of the texture components from the 𝛽 phase to the 𝛼 phase.
Figure 4.9 shows the 𝛼-Ti and 𝛽-Ti pole figures measured using S-XRD as a function of
the height in the weldment. Figure 4.10 illustrates selected textures, showing changes in
the 𝛼-Ti and 𝛽-Ti phases processed using 2500 rpm-0.5 ipm welding condition along with
the ND-TD cross-sectional microstructure. The texture changes shown in Figure 4.10 (a)
– (f) exhibit a similar trend as Figure 4.8 (a) – (f). Here, the main difference is the texture
transition location (height). As shown in Figure 4.10 (c) and (d), the height where the
inheritance of the texture component from the 𝛽 phase to the 𝛼 phase is shifted below the
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Figure 4.9 Pole figure of (0002) and (112̅0) in 𝛼 -Ti and (110) , (222) , and (200) in 𝛽 -Ti along the
thickness within the weldment of 2500rpm – 0.5 ipm welding condition. Rolling direction (RD) and
Transvers direction (TD) are north and east, respectively.
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Figure 4.10 The texture evolution of 2500 rpm – 0.5 ipm weld condition at different locations along the
thickness of weld nugget (a) – (f). The selected location of texture marked as red dots in the cross-sectional
macrostructure (g).
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initial plate interface, which is about 0.5 mm below the transition height observed in the
case of 2000 rpm welding condition. It was observed that a strong texture component was
also changed from the TD component to the RD component, while still showing a weak
texture remnant along the TD due to the memory effect. The texture changes of 2500 rpm0.1 ipm welding condition that produced the highest thermal input is represented in Figure
4.11. The selected textures and ND-TD cross-section microstructure of 2500 rpm-0.1ipm
welding condition were represented in figure 4.12 (a) – (g). The trend of the texture change
is again similar with those of the other welding conditions. It shows the Burgers
relationship between 𝛼 phase and 𝛽 phase are observed in Figure 4.12 (d) and (e). The
major texture component was also changed from the TD to the RD component.
Furthermore, above the initial plate interface, the texture starts to be rotated and
randomized showing very weak texture component.
4.3.3 Constitutive tensile behavior
Figure 4.13 shows ambient tensile properties of the Ti-6Al-4V alloy p-FSSWed under the
2500 rpm - 0.1ipm welding condition. The miniature tensile specimens were extracted from
various heights of weldment along the thickness of the plate. Note that the location along
the height of the welded plates reflects the varying degree of the thermo-mechanical energy
input during the p-FSSW process. The yield strength was gradually decreased getting
closer to the welding tool (i.e., top surface) from 966 MPa to 833 MPa. The ultimate tensile
strength did not show much trend ranging between 1061 MPa and 1161 MPa. Also, there
was little change observed in the elongation except for the location of 4.6 mm, which is
closest to the top surface.
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4.4Discussion
4.4.1 Characteristics of the weld zone
Severe plastic thermo-mechanical process results in microstructural evolutions within the
weld nugget (WN). It is well known that deformation and dynamic recrystallization (DRX)
related with high temperature plastic deformation was employed to define the
microstructure in the weld nuggets of FSW and FSSW processed alloys. It was reported
that the transformation of low angle grain boundaries (LAGBs) into high angle grain
boundaries (HAGBs) during plastic deformation is a unique characteristic related with
CDRX [129-131].
The misorientation angle distribution within the WN was quantitatively different from the
base materials, as shown in Figure 4.6 (a) – (f), which indicates that CRDX may have
occurred during p-FSSW processing. Furthermore, there is a slight difference in the color
within an individual grain in the IPF mapping of the 𝛼 phase and reconstructed 𝛽 phase as
marked by black circles in Figure 4.5 (a) – (3). This may be resulting from a rotation of
subgrains during the p-FSSW processing. It was also reported that the 𝛼 variants originated
from different 𝛽 subgrains should have a slightly different orientation, resulting in the
angular spread around the peak misorientation angle [132]. Thus, it could be speculated
that that the CDRX occurred within the WN. As shown in Figure 4.2 (b), equiaxed
structure of grains, such as globular 𝛼, were observed at top of the WN. This microstructure
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Figure 4.11 Pole figure of (0002) and (112̅0) in 𝛼-Ti and (110), (222), and (200) in 𝛽-Ti along the
thickness within the weldment of 2500rpm – 0.1 ipm welding condition. Rolling direction (RD) and
Transvers direction (TD) are north and east, respectively.
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Figure 4.12 The texture evolution of 2500 rpm – 0.1 ipm weld condition at different locations along the
thickness of weld nugget (a) – (f). The selected location of texture marked as red dots in the cross-sectional
macrostructure (g).
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Figure 4.13 The mechanical properties of p-FSSWed Ti-6Al-4V alloy within the weldment along the
thickness.
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As shown in Figure 4.2 (b), equiaxed structure of grains, such as globular 𝛼, were observed
at top of the WN. This microstructure suggests that plastic deformation at high
temperatures (𝛽-phase field temperature) promotes the transformation of 𝛽 phase to 𝛼
phase due to the increase in the number of nucleation sites for the 𝛼 phase. It was reported
that the deformation increases the volume fraction of globular 𝛼 phase forming along the
initial 𝛽 grain boundaries [133]. It is obvious that the region of the globular 𝛼 grain could
be defined as the stir zone (SZ), which is related to a higher deformation zone at the weld
tool contact region during the p-FSSW processing.
The characteristic of the thermo-mechanical affected zone (TMAZ) has been explained in
relation to the 𝛽-transus temperature. It was reported that the peak temperature in the
thermo-mechanical affected zone (TMAZ) was amply high to allow a sequence of 𝛼 +
𝛽 → 𝛽 → 𝛼 + 𝛽 phase transformation occurring due to the thermal cycle during the pFSSW process. This indicates that the temperature of TMAZ could be above the 𝛽-transus.
The deformation characteristics in this region could be replaced by the subsequent phase
transformations [86]. In summary, the microstructure of the base material starts to show
reduction in the 𝛼 phase fraction during the heating by frictional energy. As the
temperature reaches above the 𝛽-transus, the 𝛽 phase consumes the previous 𝛼 phase, and
then undergoes shear and compressive plastic deformation followed by dynamic recovery
of the 𝛽 phase. The growth of 𝛽 phase is inhibited by the nucleation of 𝛼 phase at the prior
𝛽 grain boundaries and at the triple points of 𝛽 grains, finally resulting in the
microstructure consisting of 𝛼 lathes within a retained 𝛽 grain (basket-wave or
Widdmanstätten) morphology, as shown in Figure 4.2 (b) – (d). It could be concluded
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that this region within the WN of p-FSSWed Ti-6Al-4V is defined as the TMAZ, showing
a good agreement with the microstructure.
Furthermore, the TMAZ of Ti-6Al-4V alloy could be classified by using the texture
evolution due to the Burgers orientation relationship [134]. This relationship is well
established for the 𝛼 phase (HCP, low temperature) and the 𝛽 phase (BCC, high
temperature) during both cooling and heating [135]. In Figure 4.11-12, it was clearly
observed that the inheritance of texture components in the (110) pole figure of the 𝛽 phase
in the (0002) pole figure of the 𝛼 phase. Furthermore, in this investigation, the texture of
TMAZ shows two types: (i) random and weak texture as shown in Figure 4.12 (a) and (b),
and (ii) strong rotated cubic texture in Figure 4.12 (c) and (d). It was reported that the
process of grain formation during a DRX could be classified into two types. First, when
the nucleation and growth is due to swelling of grain boundaries, new DRX grains could
be granted the orientations from neighboring grain matrices during the following
deformation, resulting in an increase of the intensity in texture component [136, 137]. The
other type is when nucleation and growth occurs in heavily deformed regions, the DRX
grains could rotate towards orientations where the multiple slip systems are activated,
resulting in randomization and of the texture and, therefore, a weaken texture [138, 139].
Therefore, the TMAZ of p-FSSWed Ti-6Al-4V could be divided by two regions as TMAZ
I and II based on the texture.
The heat affected zone (HAZ) is explained as the transition zone from TMAZ to BM. The
microstructure of this region contained a complex microstructure consisting of primary 𝛼
and 𝛼/𝛽 lamellar structure within retained 𝛽 grains. As shown in figure 4.5 (d), the change
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of reconstructed grain size was observed from top to bottom, and the formation of unreconstructed grains (white color) starts to appear at bottom area, indicating that no all the
primary 𝛼 has transformed into 𝛽 phase. It suggests that the 𝛽-transus temperature could
have been in this region. Also, the location of 𝛽-transus can be explained by the texture
evolution within the HAZ by the existence of the rotated cubic component in the (0002)𝛼
pole figure originated from the 𝛽 phase. Thus, it could be concluded that this region is
defined as HAZ, showing a good agreement with the changes of microstructure and
reconstructed grain morphology, and texture evolution reflecting the thermal gradient.
4.4.2 Effect of the T location on the bonding mechanism and length
Unlike the conventional FSSW, the metallurgical bonding process of the p-FSSW could be
considered as a diffusional bonding (DB) with plastic forming. As shown in Figure 4.8 (g),
4.10 (g), and 4.12 (g), there is no observation of the hook formation along the initial
interface line. Note that the formation of the hook at the bonding line is originated from
the material flow by the stirring or mixing action by the pin (or probe) during the FSSW
process. Thus, the bonding mechanism of p-FSSW highly depends on the magnitude and
distribution of the frictional heat without the stirring or mixing effects especially near the
plate interface. However, due to the tool plunging the plate is generally under a
compressive loading condition at elevated temperatures. In general, the diffusional bonding
process is governed by the temperature, pressure, and (dwell) time, influencing the bonding
properties [140-145]. Note that the processing time during a p-FSSW is significantly
shorter than that of a typical diffusion bonding. During the p-FSSW, the plunge force
(pressure) is not a processing control parameter since it is a dependent variable based on
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the plunge rate and temperature. Therefore, only the temperature is the key parameter
controlling the diffusion bonding in a p-FSSW process. Furthermore, during a diffusion
bonding process, the void shrinkage is one of the key processes for making a high-quality
joint. This can be explained by two mechanisms: (i) plastic flow of materials around voids
incorporating plastic and creep deformation, and (ii) atomic diffusion including surface,
interface, and volume diffusion [146, 147]. Following this idea, the DB during a p-FSSW
could be explained by the following three stages: (i) initial asperity contact, (ii) grain
boundary bonding, and (iii) grain boundary migration and void shrinkage, as illustrated in
Figure 4.14. First, the initial asperity contact occurs by clamping as marked by yellow
circles in Figure 4.14 (a), acting as the route for the atomic diffusion during the early stage
of DB. Then, the grain boundary bonding starts with the aids of the tool plunging force and
tool rotation heat, resulting in the plastic deformation moving the mass from adjacent areas
into voids. Consequently, large voids would be divided into two or more small voids.
Furthermore, as the temperature increases at the bonding surfaces, the plastic flow of
material will be improved due to a reduction in the yield strength of the workpiece,
allowing more mass to move from the contacted regions to the voids. Concomitantly, the
atomic diffusion rate could be enhanced, leading to an accelerated void shrinkage. It is well
known that the diffusion coefficient (D) is a material property and the most helpful
parameter for characterizing the ability of atomic diffusion, which is expressed by
following Equation (4.1):
𝐷 = 𝐷0 exp(−𝑄/𝑅𝑇) ⋯ (4.1)
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Figure 4.14 Schematic illustration of the diffusion bonding stages during a p-FSSW process. Asperity
contacted by clamping and then the interfacial boundary bonding occurs during the 1 st step of p-FSSW. The
grain boundary migration and void shrinkage occurs during the 2 nd step of p-FSSW. When the stage III of
DB has started at contact lines and the void shrinkage completed, it is difficult to discern the bonding lines
since the recrystallization of the grain structure results in random grain boundaries that cross the initial plate
interface line

95

where 𝐷0 is the diffusion constant, Q is the activation energy of atomic diffusion, R is the
gas constant, and T is the temperature. It is clear from Equation (4.1) that the diffusion
coefficient (D) highly depends on the temperature, indicating that an increase in
temperature will improve the capability of atomic diffusion and significantly promote void
shrinkage. As shown in Figure 4.15 (a) – (d), the improvement of void shrinkage and grain
boundary migration progressively shown from Figure 4.15 (a) to (b) to (c) imply that the
atomic diffusion at the bond line occurred more vigorously, because𝑇𝛽 shifted from 3.5
mm (above the interface line) to 2.3 mm (below the interface line). Also, an increase of the
bond length shows that the wider area at interface was exposed to temperatures above the
𝑇𝛽 as the thermal input increased. Furthermore, Li [90] et al. proposed that the ellipse
model, used to evaluate the bond length, is a theoretical approach based on the morphology
of WN. The morphology of WN is related to the thermal distribution originated from the
frictional heat by the tool surface (i.e., tool radius and plunge depth). The wide and depth
could be defined by using tool radius (r), plunge depth (n) and the location of 𝑇𝛽 (b). Note
that the 𝑇𝛽 is located within the HAZ as mentioned in section 4.1. Thus, the modified
ellipse model could be expressed by the following Equation (4.2):
𝑥2
𝑦2
+
= 1 ⋯ (4.2)
(𝑟 + 𝑛)2 𝑏 2
Table 4.3 shows the location of 𝑇𝛽 with respect to the initial plate interface, bonding length,
and interface length (𝜆), which is an intercept length at the interface line on ellipse model.
By increasing of the frictional heat, the location of 𝑇𝛽 shifts from the upper plate to the
bottom plate, leading to the improvement of the measured bonding length from 5.1 mm to
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Figure 4.15 Microstructures of bond line at different welding conditions (a) – (c); (a) 2000 rpm-0.5 ipm, (b)
2500 rpm-0.5 ipm, and (c) 2500 rpm-0.1 ipm, and the plot of bond length and location of T (d). The unbonded
area and grain boundary bounding at bond line marked as red and white circle, respectively. The
reconstructed 𝛽 grain marked as yellow dotted line showing the grain boundary migration.
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Table 4.3 The location of T based on the texture evolution as a function of the p-FSSW condition. The
interface length (𝜆) calculated by the modified ellipse model with the location of T with respect to the initial
plate interface compares well with the measured bond length.

p-FSSW conditions
2000 rpm - 0.5 ipm

2500 rpm - 0.5 ipm

2500 rpm - 0.1 ipm

Location of 𝑇𝛽

0.3 mm

-0.3 mm

-0.87 mm

Bonding length

5.1 mm

10.4 mm

12.7 mm

Interface length (𝜆)

-

7.7 mm

11.1 mm
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12.7 mm. The interface length (𝜆) was calculated using the modified ellipse model to
predict the bond length. Note that the interface length (𝜆) is obtained by using the modified
ellipse model based on the location of 𝑇𝛽 . The value of 𝜆 increased from 0 mm to 11.1 mm
showing a similar trend of bond length increase. It indicates that the temperature at the
plate interface is a key factor in the bond length of p-FSSWed Ti-6Al-4V alloy, supporting
that this process strongly depends on the frictional heat. Furthermore, it could be concluded
that the value of 𝜆 is able to be used as an index whether the bond length by a p-FSSW
process is adequate.

4.5 Conclusions
The characterization of the microstructure of the weld nugget and a potential interface
bonding mechanism was investigated for a p-FSSW processing of Ti-6Al-4V alloy using
electron microscopy and synchrotron x-ray diffraction.
1) The frictional heat during a p-FSSW process resulted in significant
microstructure and texture changes, creating four distinct zones; (i) stir zone
(SZ), (ii) thermo-mechanical affected zone (TMAZ), and (iii) heat affected zone
(HAZ), and (iv) base material (BM).
2) The globalized 𝛼 phase was observed in the stir zone near the top surface where
the p-FSSW tool is in contact with the workpiece. The TMAZ shows the
microstructure of a Widdmanst ä tten morphology. The TMAZ exhibits two
different types of texture features, i.e., random/weak texture and strongly
oriented texture further separating the TMAZ as TMAZ I and TMAZ II. The
HAZ shows a transition of TMAZ into BM.
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3) The bonding mechanism of a p-FSSW process at the plate interface is believed
to be a diffusional bonding process with limited plastic deformation. First, the
asperity forms by clamping, which creates large size voids. Then the increase in
the contact area occurred by plastic deformation during tool plunge, which
initiates reduction of the void size. Subsequently, the increase in temperature by
frictional heating increases in the contact area as well as grain boundaries that
act as an aisle for enhanced atomic diffusion. This allows an accelerated atomic
diffusion. As a result, the interface line starts to disappear through grain
boundary migration and void shrinkage.
4) The modified ellipse model was applied to understand the relationship between
the bond length at the interface and the location of 𝑇𝛽 . Using the model, the
interface length (𝜆) was calculated by using the location of 𝑇𝛽 . When the 𝑇𝛽 is
located in the upper plate above the initial plate interface, the predicted interface
length was 0 mm, consistent with the experimental observation of discontinuous
bonding line with voids along the bond line. As the location of 𝑇𝛽 is shifted from
the upper plate (+0.33 mm) to the bottom plate (-0.87 mm) with an increase in
thermal input during the processing, the interface length of 11.12 mm was
obtained. Additionally, an improved void shrinkage and grain boundary
migration were experimentally observed when the 𝑇𝛽 was located below the
initial interface line.
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Chapter 5
Summary and Conclusions
In the current study, the weldability of Ti-6Al-4V was investigated by controlling the
welding parameters of p-FSSW process, such as rotation speed and plunge rate. The
welding conditions were evaluated by using the modified ellipse model. Also, the
morphology of weld nugget was estimated by the cross-sectional microstructure and the
modified ellipse model. The characteristics of weld nugget was investigated by using the
evolution of microstructure, texture, and hardness. The performance of p-FSSWed Ti-6Al4V alloy was studied by the lap-shear tensile test through the peak failure load as well as
the failure mode. Furthermore, the bonding mechanism of p-FSSW process was
investigated through the microstructure evolution at the bond line according to the
temperature. The detailed conclusions are as follows:
1) The welding parameters of the tool rotation and plunge speed were optimized
to 2500 rpm and 0.0423 m/s (i.e., C-3 weld condition) to achieve the bond length
of 12.7 mm at the interface, which is 91% of the tool diameter. Also, the depth
of weld nugget was 1.27 mm for the C-3 case which is 40% of the initial plate
thickness. Also, the hardness line profile shows enhanced weld nugget size with
the increase in the tool rotation speed, which indicates the increase in the extent
of the heat affected zone (HAZ).
2) The input energy during the p-FSSW process was calculated using the tool
rotation and plunge speed. Also, the welding parameter was converted into the
tool turn to correlate the input energy, tool turns, and welding parameters. The
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tool turn parameter shows a linear relationship with the input energy during the
welding.
3) The lap-shear testing of different weld samples exhibited various failure modes
depending on the processing conditions: (i) interfacial failure mode, (ii)
complex failure mode (partial interfacial and BM tearing), and (iii) BM tearing
mode. The lap-shear strength of C-3 case was the maximum at 36 kN. In this
case, the crack formation at the bottom plate was generated by the rotation of
the weldment under tensile loading, indicating a complex and BM tearing failure
mode, resulting from a strong interfacial bonding compared to other cases where
the interfacial failure mode was predominant.
4) The ellipse model and the measured data on the relationship between  and tool
turns show a good agreement. It was revealed that relatively low tool turns
below 500 did not produce adequate frictional heat to soften the material during
the p-FSSW process, resulting in shallower tool plunge depths than the intended
depths. A modified ellipse model could provide an index to estimate the
morphology of weld nugget and help optimize the weld condition in terms of
the 𝛾 value.
5) The frictional heat during a p-FSSW process resulted in significant
microstructure and texture changes, creating four distinct zones; (i) stir zone
(SZ), (ii) thermo-mechanical affected zone (TMAZ), and (iii) heat affected zone
(HAZ), and (iv) base material (BM).
6) The globalized 𝛼 phase was observed in the stir zone near the top surface where
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the p-FSSW tool is in contact with the workpiece. The TMAZ shows the
microstructure of a Widdmanstä tten morphology. The TMAZ exhibits two
different types of texture features, i.e., random/weak texture and strongly
oriented texture further separating the TMAZ as TMAZ I and TMAZ II. The
HAZ shows a transition of TMAZ into BM.
7) The bonding mechanism of a p-FSSW process at the plate interface is believed
to be a diffusional bonding process with limited plastic deformation. First, the
asperity forms by clamping, which creates large size voids. Then the increase in
the contact area occurred by plastic deformation during tool plunge, which
initiates reduction of the void size. Subsequently, the increase in temperature by
frictional heating increases in the contact area as well as grain boundaries that
act as an aisle for enhanced atomic diffusion. This allows an accelerated atomic
diffusion. As a result, the interface line starts to disappear through grain
boundary migration and void shrinkage.
8) The modified ellipse model was applied to understand the relationship between
the bond length at the interface and the location of 𝑇𝛽 . Using the model, the
interface length (𝜆) was calculated by using the location of 𝑇𝛽 . When the 𝑇𝛽 is
located in the upper plate above the initial plate interface, the predicted interface
length was 0 mm, consistent with the experimental observation of discontinuous
bonding line with voids along the bond line. As the location of 𝑇𝛽 is shifted from
the upper plate (+0.33 mm) to the bottom plate (-0.87 mm) with an increase in
thermal input during the processing, the interface length of 11.12 mm was
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obtained. Additionally, an improved void shrinkage and grain boundary
migration were experimentally observed when the 𝑇𝛽 was located below the
initial interface line.
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